protein (52.5-58.2%db) and fat (21.4-26.6%db) content. Highest protein recovery of max 72% was determined in the particle size fraction 500-1000 µm. Concluding, these results provide insights into physico-chemical characteristics of mealworms affected by pre-treatment and drying. The potential of dry fractionation techniques for protein enrichment and delivery of a variety of differently composed mealworm fractions was demonstrated and may provide an interesting potential to optimize water and energy consumption during insect fractionation.
Introduction
In the last years, edible insects have received wide attention as an alternative source of animal-derived protein and caloric energy for the use in the feed and food value chain. Driven by the predicted growth of the global population to about 9 billion people in 2050 and the increasing future demand for high-quality protein for human alimentation and livestock breeding, insects are extensively discussed as a promising alternative to common protein sources such as soy, meat and fishmeal [1] [2] [3] . In addition, insects may have the potential to be used for the valorization of food by-products and waste [4, 5] . Compositional data of edible insects and products thereof have indicated auspicious crude protein and fat contents of up to 77% on dry base highly dependent on the regarded order, species, metamorphic stage, diet, and habitat [6] [7] [8] . Furthermore, insects` biological properties such as high fecundity, multivoltine life cycle, high feed conversion ratio, Abstract Edible insects have emerged as an alternative source for feed and food. Fractionation is considered as a promising strategy to produce standardised insect-based intermediates to augment industrial applicability and consumer acceptance. So far, mainly wet fractionation techniques were studied to separate insect components and concentrate protein. This study investigated a dry fractionation approach to yield protein-enriched and differently composed fractions of mealworm larvae (Tenebrio molitor). The influence of post-harvest procedures including different pre-treatments (blanching, freezing, etc.), drying methods (oven drying, fluidized bed drying, freeze-drying, etc.), and defatting on physico-chemical properties of the larvae were studied. Furthermore, the impact of pre-processing on disintegration of larvae during roller milling was investigated via sieve classification. Applied post-harvest process chain significantly affected the colour, dimensions, apparent density, and hardness of dried larvae with an impact on fractionation behaviour and characteristics of the obtained fractions. Drying at elevated temperatures caused pronounced darkening and shrinkage due to browning reactions and tissue collapse. Mechanical properties were affected as well leading to heterogeneous particle size distributions after milling and sieving. A large fraction of particles <500 µm was determined for samples exhibiting low mechanical hardness such as freeze-dried and defatted larvae. Significant differences in macro-nutrient composition of the sieving fractions were found deviating in chitin (3.6-16.1%db), omnivorous diet, low substrate, water and space requirements highlight the potential of edible insects to contribute to global food security either via feed or directly as food [9] . However, mass rearing of insects together with industrial processing concepts for the recovery of valuable insect fractions will be a prerequisite for an efficient use in the feed and food value chain. Energy and water consumption during the post-harvest processing of insects is one major impact factor when evaluating the sustainability of this raw material for use in the food and feed chain. Therefore, alternatives to the conventional wet processing concepts with reduced water and energy requirements are required.
Beside other insect species, the larval stage of the yellow mealworm beetle (Tenebrio molitor, Coleoptera)-hereinafter referred to as TML-is considered to be a suitable candidate for large scale production and integration in European food and feed industry [1, 10] . Industrial-scale breeding expertise of TML already exists as they are commercially reared in several countries as feed for pets and zoo animals or even for human consumption [11] . In China for example, TML is the most commonly cultivated insect with a throughput of thousands of tons per year [11] . Promising contents of crude protein and fat of up to 60 and 40%, respectively, were reported for TML on dry base [12, 13] . The protein quality in terms of essential amino acid content satisfies the recommendation for adult`s requirement by the WHO [6] . First, studies on techno-functional properties of TML protein fractions revealed promising protein solubilities between 60 and 100% at alkaline pH depending on the applied pre-treatment, extraction procedure and fractions' composition [14] [15] [16] [17] .
The industrial use of insect-derived ingredients such as protein, fat or chitin requires an efficient recovery followed by the purification of standardised fractions to explore a wide range of potential applications. In addition, consumer acceptance towards the consumption of edible insects is one major concern in Western countries as entomophagy is not rooted in the traditional diets and insects are mostly rejected as disgusting, unclean and risk associated with regard to food contamination [18] . Nevertheless, several consumer studies have already shown that western consumers` willingness to eat edible insects increases when served in an invisible form, thus, transformed into known food items by conventional food processing [18] [19] [20] [21] . Hence, insects are more likely to be used and consumed in a processed form enhancing product functionality, stability, safety and appearance. Consequently, there is a need for the development of tailored post-harvest processes especially fractionation concepts to establish high-quality, nutritious, safe and shelf-stable insect-based products or intermediates which can be further incorporated into common food items [22] .
Wet fractionation techniques are mainstream technology for the production of plant-derived protein concentrates and isolates achieving purities of >90% [23] . To date, mainly approaches in analogy to those wet procedures were investigated to separate and purify the major insect components-chitin, fat, and protein-while the latter mostly represented the target fraction. Wet fractionation processes were studied for several edible insect species, among others, TML [15, 16, 24] , honey bee [25, 26] , and Mexican fruit fly larvae [27] . Various production steps such as solvent defatting, aqueous extraction at harsh pH conditions and elevated temperature, mechanical separation of insoluble matter, isoelectric precipitation, and drying are often involved and accompanied by detrimental effects on native protein functionality and high water and energy consumption [23] .
Dry fractionation, on the other hand, can provide a promising, energy-efficient alternative for the production of protein-enriched, functional fractions or protein concentrates with preserved native functionality but lower purity [23, 28] . Such processes are long established and successfully applied in cereal technology for the separation of the endosperm and bran fraction in flour production using different milling and classification techniques. Furthermore, several studies reported the successful use of dry fractionation for the separation of pulses such as lentil, bean, and pea into protein-rich and protein-depleted fractions [28] [29] [30] . In analogy to the bran fraction of cereal kernels, insects and thus TML are covered by an exoskeleton mainly composed of the polysaccharide chitin which encloses the inner tissue [31] . Hence, dry fractionation can be a suitable tool for edible insect fractionation and production of protein-enriched flours or concentrates by depleting the chitin fraction. Furthermore, different pre-treatments prior to dry fractionation such as blanching, drying, defatting and conditioning will affect the processing behaviour of the raw material during dry fractionation. This is an already established technique to modify mechanical properties (elasticity and plasticity) of cereal kernel constituents and crops by adding water to tailor their disintegration and fractionation behaviour [32, 33] .
To the best of our knowledge, scientific studies on dry fractionation of mealworm or other edible insect species are not available yet. Consequently, the objective of this study was to evaluate the feasibility of a dry fractionation procedure based on roller milling and sieve classification for the production of protein-enriched TML fractions as an alternative to conventional wet fractionation approaches. In addition, the effect of several commonly applied postharvest processing steps for edible insects such as blanching, freezing, drying, and defatting on the physico-chemical properties of the larvae and the fractionation behaviour was studied as well.
Materials and methods

Raw material and chemicals
TML were purchased alive from a pet food vendor (Dragon Terraristik, Duisburg, Germany). Substrate residues, frass, and other impurities were separated from the larvae by sieving through 3 mm screening size. Afterwards, TML were stored for several hours at 3 °C in a cooling chamber to anesthetize them prior processing.
For supercritical fluid defatting of the larvae, carbon dioxide with a purity ≥99.5% (CE290, Linde AG, Pullach, Germany) was used. Other reagents used for analytical purposes were of analytical grade if not stated otherwise. Figure 1 presents an overview of the process combinations applied. Prior to dry fractionation, the larvae were subjected to various post-harvest processing procedures. Different thermal pre-treatments such as blanching and Fig. 1 Scheme of the processing procedures subjected to the different mealworm larvae samples. Sample IDs are given in bold letters shock-freezing, an additional defatting step via supercritical CO 2 extraction, and several drying techniques such as convectional oven drying, freeze-drying, and fluidized bed drying were combined. The detailed descriptions of the single processing steps are given in the following subchapters. The same processing procedure was applied to three independent samples resulting in triplicate.
Sample preparation and processing
Pre-treatment
Larvae were blanched for 10 min in boiling water at a larvae-water ratio of 1:12 (w/w) to prevent water temperature drop. Afterwards, excess water was removed and larvae were individually quick frozen at −38 °C for about 20 min in a shock freezer (F101L, Sagi, Ascoli Piceno, Italy) to maintain pourability and subsequently stored at -30 °C until further use. Before hot air drying, frozen larvae were evenly spread on trays in a thin layer and thawed for 1 h at room temperature.
Drying
Convectional hot air drying was realised using a circulating air oven (Memmert, Schwabach, Germany) at ventilation stage 2. Convection oven was loaded with 1.73 kg thawed larvae. The larvae were dried to constant mass for a period of 24 and 7 h at 60 and 80 °C, respectively. After drying, larvae were cooled for 2 h to room temperature, sealed airtight in polyethylene bags to prevent remoistening and stored at room temperature until further use.
Freeze-drying of larvae was performed using a benchtop lab scale freeze-dryer (FreeZone 6, Labconco, Kansas City, USA) at 0.2 mbar. Drying chamber was loaded with 1.73 kg of frozen larvae. During a drying period of 48 h, larvae were dried to constant mass. Afterwards, larvae were sealed airtight in polyethylene bags and stored at room temperature until further use.
Fluidized bed drying of larvae was conducted using a pilot scale fluidized bed drying system (A-WT 25, Ammag, Gunskirchen, Austria). Process parameters were set as follows: Bed temperature 60 °C; air outlet temperature 55 °C; differential pressure bed 15 bar; differential pressure filter -1.3 bar; air flow 500 m 3 h −1
. Drying chamber was loaded with 1.73 kg of larvae. The larvae were dried until constant mass for a drying period of 2 h. After drying, larvae were cooled down for 2 h to room temperature and stored at room temperature in airtight polyethylene bags until further use.
Partial defatting by supercritical carbon dioxide extraction
Partial defatting of dried larvae was performed using a 500 bar pilot scale supercritical CO 2 extraction unit equipped with a 2 L extractor, two-stage separation, and solvent recovery system (Natex Prozesstechnologie, Ternitz, Austria) as described elsewhere [34] . Extraction parameters were chosen according to the study of Purschke et al. [35] and set to 400 bar, 45 °C, and 20 kg of CO 2 /h. The extractor was charged with 250 g of dried larvae. Extraction was performed in analogy to Ruttarattanamongkol et al. [34] with small modifications. Extracted oil was collected at the first separator every 15 min for the total extraction time of 6 h. Defatted larvae were stored airtight in polyethylene bags at room temperature.
Preparation of larval fractions
Dried larvae were ground using a pilot scale roller mill (Kropfitschmühle, Klagenfurt, Austria) equipped with two corrugated rollers and a milling gap of 0.3 mm. Subsequently, the resulting mealworm larvae grist were fractionated by size via sieve analysis according to ICC recommendation No. 207 [36] with small modifications. Test sieves with mesh apertures of 355, 500, 710, 1000, and 1400 µm and a mechanical sifting system (EML 200, Haver & Boecker, Oelde, Germany) were used for the fractionation. 150 g of larval grist were classified per run for a period of 20 min using intensity setting stage 4.
Chemical composition of larvae and larval fractions
The dry matter content was determined by oven drying method at 105 ± 3 °C based on AOAC 950.46 [37] . After solvent extraction with petroleum ether (b.p. 40-60 °C) in a Soxhlet extractor, the crude fat content was analysed gravimetrically based on the ICC standard method No. 136 [38] . In addition, the ash content was analysed according to the AOAC 923.03 [37] via muffle furnace method. The chitin-derived nitrogen content was analysed as described elsewhere [39] via alkaline hydrolysis and subsequent total nitrogen determination of the dried residue using the Kjeldahl method according to AOAC 928.08 [37] . Chitin content was calculated using the nitrogen conversion factor 14.5 [40] . The total nitrogen content was analysed using the Kjeldahl method according to AOAC 928.08 [37] . After subtraction of the chitin-derived nitrogen content, the crude protein content was calculated using the nitrogen conversion factor (N) of 6.25. All determinations were done in triplicate.
Physico-chemical properties of larvae and larval grist
Colour and size
Colour of mealworm larvae was determined using a noncontact digital imaging system (DigiEye, VeriVide Limited, Enderby, Leicester, UK) equipped with a high resolution digital camera (D90, Nikon, Tokyo, Japan), auto-focus zoom lens (AF-S DX NIKKOR 18-105 mm, Nikon, Tokyo, Japan) and the corresponding data evaluation software (DigiEye 2.7.2.0, VeriVide Limited, Enderby, Leicester, UK). The imaging system was calibrated using the provided white and colour standards. Pictures of about 100 larvae per sample were taken on a white background. For colour analysis, background of the pictures was removed and colour of the larvae were determined within the CIE L*a*b colour space. Colour measurements were done in triplicate. Colour difference (ΔE * Lab ) was calculated according to Eq. 1 using the raw, untreated mealworm as reference (ref) .
Size parameters of the dried larvae were analysed using the pictures taken for the colour analysis. A scale bar was embedded in each picture. Pictures were evaluated using image analysis software (cellSens Dimensions 1.12, Olympus, Tokyo, Japan). Software measuring tool was calibrated using the scale bar. Length and diameter at the widest part of larvae were analysed. At least 450 larvae of each sample were investigated for size analysis.
Hardness and apparent density
Mechanical properties of the dried larvae in terms of hardness were determined using a TA.XT Plus Texture Analyser (Stable Micro Systems, Haslemere, Surrey, UK), equipped with a back extrusion rig and a compression disc of 45 mm diameter attached to an extension bar using 50-kg load cell. Back extrusion container (50 mm diameter) was filled to a defined level (4 cm) with the sample. The force-displacement profiles were recorded and maximum compression force (F max ) in penetration was obtained as a measure of larvae hardness. The test was conducted at a pretest speed of 3.0 mm/s, test speed of 2.0 mm/s and a trigger point of 5 g. Samples were penetrated to a depth of 15 mm.
The apparent (bulk) density of whole larvae and larval grist was determined based on ISO 7971-1:2009 using a hectolitre scale (Schopper. Leipzig, Germany) equipped with a measuring cylinder of a defined volume of 250 ml. Measuring cylinder was filled with the sample via a standardised filling hopper. Finally, the weight of filled cylinder was determined gravimetrically to determine the apparent density.
Particle size distribution of larval grist
Particle size distribution of the ground mealworm grist was determined using sieve analysis according to ICC recommendation No. 207 [36] as already described in chapter 2.3.
The weight of each test sieve and bottom pan was determined before and after sieving with 0.01 g accuracy. Sieve analysis was conducted in sixfold replication.
Statistical analysis
Statistical analyses were carried out using Statgraphics Centurion XVI (Statpoint Technologies Inc., Warrenton/ USA). Data are expressed as mean ± standard deviation (SD) of the performed replications. Data were subjected to one-way analysis of variances (ANOVA), and means were generated and adjusted using LSD post hoc test. Unless otherwise stated, a 95% confidence level (statistical significance at p ≤ 0.05) was considered.
Results and discussion
Chemical composition of larvae [6, 12, 13, 35, 41] . The large heterogeneity of nutrient composition-even in the same species and metamorphic stage-can be ascribed to different diet, instar, origin, season, and gut content [7] . Blanching did not significantly influence the composition of macronutrients as the blanched larvae contained 52.97 ± 0.31%db crude protein, 22.14 ± 0.22%db crude fat, 12.76 ± 0.25%db chitin, and 4.36 ± 0.13%db ash. This is in accordance to the results of Azzollini et al. [42] which found no significant changes in proximate composition of TML after blanching for 3 min in boiling water. Composition of larvae after partly defatting via supercritical CO 2 extraction changed as follows: 61.06 ± 0.35%db crude protein, 9.47 ± 0.24%db crude fat, 14.74 ± 0.21%db chitin, and 5.02 ± 0.15%db ash. . According to Adekunte et al. [43] , differences in perceivable colour can be classified as "very distinct" (ΔE > 3), "distinct" (1.5 < ΔE < 3) and "small difference" (ΔE < 1.5). Thus, all process combination except the one including defatting DF (ΔE = 1.7) caused "very distinct" differences of larval colour in comparison to the reference. Maximal colour deviation indicated by lowest lightness (L*) and yellowness (b*) was observed for SF (unblanched and air dried at 80 °C) due to the combination of enzymatic and non-enzymatic browning resulting in the formation of brown pigments as similarly reported by Azzollini et al. [42] . Procedures combining blanching and oven or fluidized bed drying induced a minor degree of browning due to inactivation of browning enzymes such as polyphenoloxidase, which was shown to loose activity after 2 min at 60 °C in crustaceans [44] . Initial colour was best conserved in case of FD (blanched and freeze-dried) and DF (blanched, dried at 80 °C, and defatted). This can be ascribed to the omission of thermal browning reactions in freeze-dried larvae and co-extraction of brown lipophilic melanoidins during defatting previously observed by Jeon et al. [45] for hexane-extracted oil of roasted mealworms, respectively.
Physico-chemical properties of whole larvae
Dimensions of larvae in terms of length and diameter were significantly affected by the processing route as well. The results are illustrated in Fig. 2 . Freeze-drying (FD) was shown to preserve the original larval morphology of the best resulting in similar length and diameter distributions in comparison to the untreated raw larvae. This is a known behaviour as freeze-drying prevents undesirable shrinkage and produces dried goods with high porosity in comparison to conventional thermal drying [46] . Application of oven and fluidized bed drying, respectively, led to shrivelled larvae exhibiting smaller length and diameter due to tissue collapse and loss of porosity [47] . This observation was supported by the results of apparent density determination ( Table 1) . Density of thermally dried larvae (SF, OD 60 , OD 80 , FDB) was shown to be significantly higher due to shrinkage and loss of volume and porosity in comparison to the freeze-dried larvae which show the lowest density of all samples. The increment of drying temperature from 60 °C (OD 60 , FBD) to 80 °C (SF, OD 80 ) resulted in an increase in density probably due to higher volume shrinkage and tissue collapse. Similar behaviour was previously observed for hot air and superheated steam dried shrimps which are phylogenetically related to insects [48, 49] . In case of DF, the effect of oven drying at 80 °C on apparent density was superimposed by the subsequent defatting step and resulted in intermediate density value. The solubilisation and removal of the larval fat by supercritical CO 2 led to the generation of voids and a porous-like structure. This mechanism is also used in supercritical drying of biomaterial to maintain porosity of the dried goods [50] .
Mechanical hardness determined via texture analysis was found to correlate well with the density and thus, porosity of the larvae. The low-density, porous structure of freeze-dried larvae led to a significant lower compression force required for deformation in comparison to the shrunk, compacted structure of thermally dried samples. Furthermore, as previously reported for dried mushrooms, an increment of drying temperature from 60 °C (OD 60 , FBD) to 80 °C (SF, OD 80 ) resulted in an increase in hardness probably due to more pronounced collapse of capillary voids in the larvae [51] . In analogy to the density results, DF showed an intermediate mechanical hardness due to the partly porous structure after supercritical CO 2 defatting [50] . Figure 3 and Table 2 present the results of the particle size determination of the mealworm grist after defined roller milling of the differently processed larvae assayed via sieve analysis. Applied processing prior milling was found to affect the disintegration properties of the dried larvae, and thus, the particle size distribution of the mealworm grist. Proportion of small particles <500 µm was significantly lower after milling of larvae exhibiting a high mechanical hardness (SF, OD 60 , OD 80 , FDB) and vice versa. Grist of samples with lower larval hardness (FD, DF) contained a considerably higher proportion of fine particles fractions (<500 µm). This is in accordance to the results of Blandino et al. [52] who showed a significant positive correlation (p ≤ 0.05) between the breaking force of whole maize kernels and the coarse/fines ratio of maize flour after milling. Higher kernel hardness resulted in a higher ratio of coarse (700-2000 µm) to fine material (<500 µm). Similar observations were made by Pomeranz et al. [53] correlating increasing Stenvert hardness of corn kernels to higher coarse material mass fraction. The decisively high proportion of particles <355 µm in case of the defatted sample (DF) can be further ascribed to reduced grist stickiness which prevented agglomeration and coherent packing of fine particles. This phenomenon was similarly observed for defatted corn and oat flour after sieve and air classification, respectively [54, 55] . Except for DF, highest mass fraction was mainly found in the medium particle range of 510-710 or 710-1000 µm. Only small differences among Fig. 3 Cumulative mass fraction (%) of the mealworm grist produced by roller milling of the differently processed whole mealworm larvae samples determined via sieve analysis. Mesh sizes of 355, 500, 710, 1000, and 1400 µm were used. Filled, cross-hatched and hatched pattern indicate fine (<500 µm), medium (500-1000 µm) and coarse (>1000 µm) particle fractions, respectively the samples were found in the sieving fraction >1400 µm. This might be due to the presence of larvae which remains intact or were insufficiently disintegrated by one-step roller milling.
Dry fractionation
Chemical compositions in terms of crude protein, crude fat and chitin content of the sieving fractions are compiled in Table 3 . The macro-nutrient distribution showed significant variations depending on particle class and pre-processing. Compositional ranges of 52.52-58.24, 21.35-26.62, 3.60-16.06, and 4.15-5.36%db (data not shown) were determined for protein, fat, chitin, and ash content, respectively. Defatting prior to sieving (sample DF) led to the The composition of the fractions revealed decreasing chitin content with decreasing particle size of the mealworm grist except for oven-dried samples. Lowest chitin concentrations (3.60-8.72%db ) were found in the small particle fraction of SF, DF, FD, and FBD, respectively, while chitin content of OD 60 and OD 80 showed no statistically significant difference throughout the sieving classes. Highest proportion of chitin was mainly observed in the range of 1000-1400 µm indicating that roller milling of larvae led to preferential disintegration of the chitin exoskeleton into coarser particles. This might be due to its characteristic structure formed by helicoid bundles of chitin-protein fibrils (Bouligand structure) comparable to collagen or cellulose fibres [56] . Lower chitin content of the particle fraction >1400 µm can be ascribed to insufficiently ground or even intact larvae. Freeze-drying-resulting in highest porosity of the dried larvae-enhanced the effect of chitin separation as highest chitin concentration of 16.06%db was found. The lower drying temperature and higher larval brittleness might have improved the disentanglement of chitin shell and adherent tissue.
Consequently, chitin depletion led to a statistically significant enrichment of protein in the aforementioned fine particle fractions. Similar trends of increasing protein content with decreasing particle size after milling have been reported for the fractionation of plant-based raw materials such as de-oiled rice bran [57] , winter wheat flour [58] and distillers dried grains from yellow corn [59] . The particle fractions <500 µm of FBD and 355-500 µm of DF exhibited the highest protein contents of 58.2 and 66.5%db representing an increase of protein concentration of about 4.9 and 5.4%db, respectively, in comparison to the initial protein content of the whole larvae (53.26%db) and the defatted larvae (61.06%db). The extent of protein enrichment found in this study is only limited compared to the increase of protein concentration observed in dry fractionated plant sources after sieve classification or single-pass air classification ranging from 5 to 40%db [57] [58] [59] and 25-44%db [30] , respectively. The amount of protein recovered in the fine (<500 µm), medium (500-1000 µm), and coarse (>1000 µm) mealworm grist fraction is illustrated in Fig. 4 . In analogy to the distribution of the mass fraction (see Fig. 3 ), protein recovery was found to be highest in the medium particle fraction ranging between 42 and 72%. Fine and coarse fractions show protein recoveries of 2.3-37.4% and 23.1-36.8%. In general, the fine and the coarse fraction can be regarded as protein-rich and chitinrich, respectively.
In case of thermally dried samples (SF, OD 60 , OD 80 and FDB), fat content in sized fractions showed an upper trend with increasing particle size while freeze-drying (FD) led to the reverse trend showing higher fat contents in the fine particle fractions. Insects store the majority of lipids in an organ called fat body which is distributed throughout the insect body, preferentially underneath the chitin exoskeleton [60] . Furthermore, lipids present only a small percentage of the total dry weight of the cuticle [61] . This may explain the low fat content in the coarse, chitin-rich fractions of FD. Application of thermal drying may have contributed to co-diffusion of melted fat from the inner tissue (fat body) to the chitin shell during water removal resulting in an increase in chitin-associated fat. Supercritical CO 2 defatting of thermally dried larvae prior milling superimposed this heat-induced phenomenon. Highest fat concentration was found in the low-chitin, fine particle fraction Fig. 4 Protein recovery (%) depending on the particle size class of the mealworm grist produced by roller milling of the differently pre-processed whole mealworm larvae samples. Error bars indicate the cumulative SD of the protein recovery calculated using the SDs of the protein recoveries in the single sieving fraction (0-355 µm) of DF due to the better availability and extractability of the superficial, chitin-associated fat in comparison to the fat from inside the larvae requiring diffusive mass transfer [62] .
Conclusion
Even though edible insects are often designated as a promising alternative to conventional protein sources for the inclusion in Western food and feed industry, fundamental knowledge about this novel raw material is still scarce. Next, to the lack of information regarding the food and feed safety status of edible insect or economic mass rearing techniques, studies broaching the issue of post-harvest and industrial-scale processing of edible insects or fractions thereof are required and will help to evaluate potential applications areas.
The present study aimed to investigate the impact of several post-harvest processing routes on the physico-chemical characteristics of mealworm larvae. For the first time, a dry fractionation approach based on size classification was investigated aiming to produce protein-enriched and differently composed fractions.
Physico-chemical properties of the dried larvae were found to be highly dependent on the applied pre-processing. Beside the colour and the dimensions, bulk material properties such as apparent density and hardness were significantly affected and led to different disintegration behaviour, thus, milling and separation properties. Thermal drying resulted in low mass fractions (<10%) of fine particles from 0 to 500 µm after milling. Processing steps preserving a porous-like larvae structure such as freeze-drying and defatting after drying induced a higher proportion of the fine particle fraction. Dry fractionation led to a variety of mealworm fractions with different chemical composition which could help to tailor nutritional and functional characteristics as ingredient in a complex food matrix. Protein enrichment of up to 5.4% to a maximum protein content of 58% (0-500 µm, FDB) and 66% (355-500 µm, DF) could be achieved with this simple dry fractionation setup applied. The use of alternative separation techniques such as air classification or triboelectric separation might improve the dry fractionation ability of mealworms and enhance protein concentration or chitin depletion, respectively.
Dry fractionation of edible insects can become a viable alternative to conventional wet fractionation approaches. Therefore, the optimization of the chitin separation as well as the investigation of the functional properties of the resulting fractions have to be tackled in further studies as they represent key factors determining the applicability of dry fractionated insects.
